The frequency of recovery of atypical mycobacteria was estimated in two treatment plants providing drinking water to Paris, France, at some intermediate stages of treatment. The two plants use two different filtration processes, rapid and slow sand filtration. Our results suggest that slow sand filtration is more efficient for removing mycobacteria than rapid sand filtration. In addition, our results show that mycobacteria can colonize and grow on granular activated carbon and are able to enter distribution systems. We also investigated the frequency of recovery of mycobacteria in the water distribution system of Paris (outside buildings). The mycobacterial species isolated from the Paris drinking water distribution system are different from those isolated from the water leaving the treatment plants. Saprophytic mycobacteria (present in 41.3% of positive samples), potentially pathogenic mycobacteria (16.3%), and unidentifiable mycobacteria (54.8%) were isolated from 12 sites within the Paris water distribution system. Mycobacterium gordonae was preferentially recovered from treated surface water, whereas Mycobacterium nonchromogenicum was preferentially recovered from groundwater. No significant correlations were found among the presence of mycobacteria, the origin of water, and water temperature.
Environmental mycobacteria, which are also called atypical mycobacteria or nontuberculous mycobacteria (NTM), are common saprophytes in all natural ecosystems, including water, soil, food, dust, and aerosols (8, 9, 11, 16, 23, 37, 59) . Some species are also pathogenic for humans or animals, causing pulmonary and cutaneous disease, lymphadenitis, and disseminated infections (11, 19, 36, 55, 57) . These organisms are an increasing health risk, especially in the growing immunodeficient population. Before the introduction of protease inhibitors for antiretroviral therapy, disseminated infections due to NTM, especially Mycobacterium avium, were frequent in AIDS patients. NTM infection is currently one of the criteria used to diagnose AIDS in human immunodeficiency virus-infected patients (20) .
NTM infections are transmitted by ingestion, inhalation, and inoculation from environmental sources rather than from person to person (11, 57) . The environmental sources may include aerosols, water, soil, dust, food, and equipment. The mode of transmission can be identified only when the same Mycobacterium species is isolated from both a source and a patient, but mycobacteria are rarely isolated from a putative infection source. There is increasing evidence which suggests that tap water is the vehicle by which mycobacteria infect or colonize the human body (3, 4, 15, 34, 41, 47, (52) (53) (54) 56) . In a number of cases, mycobacterial species (M. kansasii, M. fortuitum, M. chelonae, M. avium, and M. xenopi) have been recovered from tap water some time after they were recovered from patients (2, 3, 22, 26, 52, 58) . Mycobacteria can contaminate inadequately disinfected equipment used for clinical investigations or surgery, resulting in nosocomial infections (2, 4, 53, 54, 56, 60) . The presence of mycobacteria in tap water may lead to pseudoinfection diagnoses (i.e., false-positive cases related to isolation of tap water mycobacteria exogenous to clinical samples). Moreover, pseudoinfection can be traced to laboratory contamination, which can occur at any stage of the laboratory procedures used to isolate mycobacteria. Any fluid reservoir that is not routinely and effectively decontaminated and sterilized can act as a source of organisms. Pseudoinfection caused by contaminated bronchoscopes should be suspected when mycobacterial species are more frequently isolated from bronchoscopy specimens than from other bronchopulmonary specimens (14, 32, 35, 38) .
Mycobacteria have been isolated from public water distribution systems and from samples from various other sources, including home distribution systems, hot and cold water taps, ice machines, heated nebulizers, and showerhead sprays (6, 9, 11, 15, 26, 31, 44, 53) . They may be present at high densities in biofilms on the insides of pipes and taps (45) . NTM can colonize, survive, persist, grow, and multiply in tap water (6) . Mycobacteria are not killed by common disinfectants and can tolerate wide ranges of pHs and temperatures, which allows them to persist in drinking water systems for long periods of time (6, 11, 28, 40) .
According to the guidelines of the World Health Organization, a European Commission directive (European Union Council Directive 98/83/EC) states that drinking water should not contain pathogenic microorganisms in a quantity or at a concentration able to adversely affect human health. However, the routine bacteriological examinations that are carried out with drinking water do not include a search for NTM. Moreover, few publications have reported isolation and identification of environmental mycobacteria from drinking water networks (9, 12, 17, 51) .
The frequencies of recovery of mycobacteria from two treatment plants at some intermediate stages of treatment and from the water distribution system of Paris were investigated in this study. Between March 2000 and July 2001, water samples were collected from 12 sites located across Paris and from the treatment lines of two treatment plants in the Paris area. The aims of this study were (i) to estimate the frequency of recovery of NTM in the distribution system, (ii) to determine whether there were any relationships between the presence and distribution of mycobacterial species and the origin of the water (treated surface water or groundwater), (iii) to evaluate the efficiencies of different processes for removing mycobacteria, and (iv) to determine whether the source of the mycobacteria recovered from treated water in the distribution system could be traced to treatment plants.
(This work is part of the doctoral thesis of C. Le Dantec.)
MATERIALS AND METHODS
Collection of water samples. Water samples were collected every month between July 2000 and July 2001 from 12 sites within the distribution system of the city of Paris (Fig. 1) . All of the collection sites were located outside buildings. Paris is supplied by groundwater and treated surface water. Depending on the geographical location, three different types of areas can be defined: areas supplied specifically by groundwater, areas supplied specifically by treated water from a river, and areas supplied nonspecifically by groundwater, treated water, or a mixture of the two (depending on the management of the distribution system, which is highly cross-connected).
Groundwater samples were collected from sites 1, 2, 10, 11, and 12. The groundwater, which comes from natural sources located 150 km from Paris, is treated with chlorine before it is transported to Paris through an aqueduct. This type of water does not enter water treatment plants but is transferred directly into the distribution system. Treated surface water samples, from the water treatment plants described below, were collected from sites 3 to 6. Sites 7 to 9 were supplied by groundwater, treated water, or a mixture of the two as described above. Samples could not be collected in November 2000. In January 2001, culture results could not be interpreted because of technical problems with the incubation of NTM cultures. Water samples were collected every 3 months between March 2000 and July 2001 from several sites in two treatment plants. The treatment plants are located at Orly and Ivry on the Seine River and use different preliminary treatment processes. Samples were collected from the Orly plant after clarification (which consists of preozonation and coagulation-flocculation combined with rapid sand filtration), ozonation, granular activated carbon (GAC) filtration, and chlorination (Fig. 2 ). Samples were collected from the Ivry plant after prefiltration, slow sand filtration, ozonation, GAC filtration, and chlorination (Fig. 2) . The major difference between the two water treatment plants is the type of sand filtration, which is rapid at Orly and slow at Ivry.
All samples either from treatment plants or from the distribution system were collected in sterile, 1-liter, wide-mouth plastic bottles containing 2 g of sodium thiosulfate to neutralize chlorine at the ambient temperature. The bottles were dipped into the water and filled completely before they were transported to the Hygiene Laboratory of Paris. Samples were always processed on the day of collection. The temperature of each sample was determined with a mercury thermometer with a 1°C scale.
Processing of water samples. One liter of water was passed through a membrane filter (pore size, 0.45 m; Millipore). If the sample was too turbid, a smaller sample (100 ml) was filtered. Turbid samples were obtained at the early stages at the treatment plants (prefiltration at the Ivry plant and rapid sand filtration at the Orly plant [see Tables 3 and 4] ). The membrane was put into a sterile tube containing 10 ml of the water sample and was sonicated for 5 min at 47 Hz. The membrane was decontaminated by adding 15 ml of 3% sodium dodecyl sulfate and 1% NaOH and was shaken for 30 min at room temperature. The pH was adjusted to 7 with 40% phosphoric acid. The membrane was removed, and the neutralized solution was centrifuged for 30 min at 3,000 ϫ g. After centrifugation, most of the supernatant was removed. The sediment was then resuspended in about 2 ml of the remaining supernatant and plated on Lowenstein-Jensen medium. For every sample, 10 tubes were inoculated with 0.2 ml of the resuspended sediment. The tubes were incubated at 30, 37, and 42°C and examined every 2 days for the first 10 days and once a week thereafter for 3 months. The number of colonies per liter of original sample and the colony morphology were noted. After Ziehl-Neelsen staining, acid-fast bacilli were subcultured on Lowenstein-Jensen medium. Mycobacteria were identified by molecular methods as described below.
The detection limit of this decontamination method was determined by using cultures of M. gordonae. One liter of tap water, sterilized by filtration, was inoculated with a culture of M. gordonae to obtain final concentrations of 10, 10 2 , 10 3 , and 10 4 CFU ⅐ liter Ϫ1 . The exact number of cells in each water culture was checked by plating on Middlebrook 7H11 plates. Water samples were treated as described above. Cell counting showed that the decontamination process reduced the number of mycobacteria to 1% of the original number.
Molecular identification techniques. (i) Sample preparation.
Nucleic acids were extracted by lysing bacterial cells. Briefly, colonies were transferred to a 2-ml microcentrifuge tube and incubated in 10 mM Tris-1 mM EDTA for 20 min at 80°C to inactivate the mycobacteria. The sample was centrifuged at 10,000 ϫ g, and 5 l of the thermolysate was used in a PCR.
(ii) Analysis of the 16S rDNA gene. A 1,500-bp fragment corresponding to the 16S ribosomal DNA (rDNA) gene was amplified by PCR. PCR was performed with a Perkin-Elmer 480 thermal cycler by using a 50-l reaction mixture containing 5 l of crude DNA extract, 1ϫ Taq buffer (Perkin-Elmer), 1.5 mM MgCl 2 , each deoxynucleoside triphosphate at a concentration of 0.25 mM, 1.25 U of Taq polymerase (Perkin-Elmer), 0.5 M primer 264, and 0.5 M primer 285 (24) . The PCR conditions were as follows: 95°C for 5 min, followed by 40 cycles of 95°C for 1 min, 60°C for 1 min, and 70°C for 1 min and a final 10-min extension at 72°C. Amplicons were detected by electrophoresis in 1.5% agarose gels, followed by ethidium bromide staining.
PCR products were sequenced with sequencing primers 244 and 259 (24) by using an automatic sequencer, the dideoxy chain termination method (43), a Taq DyeDeoxy terminator cycle sequencing kit (Applied Biosystems, Perkin-Elmer Corp., Foster City, Calif.), a GenAmp 9600 PCR system (Perkin-Elmer), and a 373 stretch DNA analysis system (Applied Biosystems). Nucleotide sequences were compared to known sequences in the GenBank database by using the BlastN algorithm (1).
(iii) Analysis of the hsp65 gene. The hsp65 gene was investigated by performing PCR restriction analysis as described by Telenti et al. (49) . The PCR conditions were the same as those described above. The PCR products were sequenced with sequencing primer Tb11 (5Ј-ACCAACGATGGTGTGTCCAT-3Ј) (49) .
(iv) Test for specific identification of M. gordonae. M. gordonae was identified by amplifying the specific internal transcribed spacer region as described by Park et al. (39) . The primers used to amplify this region were GORF (5Ј-CGACAA CAAGCTAAGCCAGA-3Ј) and GORR (5Ј-CAACGCATACATTTTGATGC-3Ј).
RESULTS
Frequency of recovery of mycobacteria in the water distribution system. A total of 72% of the water samples from the water distribution system (104 of 144 samples) were positive for mycobacteria; 68% of the groundwater samples (41 of 60 samples), 69% of the treated surface water samples (33 of 48 samples), and 83% of the samples having alternate origins (either groundwater or treated surface water) (30 of 36 samples) were positive for mycobacteria.
Concentrations between 1 and 50 CFU ⅐ liter Ϫ1 were found in 78% of the samples, concentrations between 51 and 500 CFU ⅐ liter Ϫ1 were found in 21% of the samples, and concentrations of more than 500 CFU ⅐ liter Ϫ1 were found in only one sample (Table 1) . A concentration higher than 1,000 CFU ⅐ liter Ϫ1 was never found. Considering the low rate of recovery of mycobacteria (1%) after our decontamination procedure, we estimated that no water sample contained more than 10 5 CFU ⅐ liter Ϫ1 . Of the 78% of the samples having mycobacterial concentrations between 1 and 50 CFU ⅐ liter Ϫ1 , 34% contained saprophytic mycobacteria, 15% contained potentially pathogenic mycobacteria, and 51% contained unidentified mycobacteria (Table 1) . Similarly, of the 21% of the samples having mycobacterial concentrations between 51 and 500 CFU ⅐ liter Ϫ1 , 32% contained saprophytic mycobacteria, 14% contained potentially pathogenic mycobacteria, and 54% contained unidentified mycobacteria (Table 1) .
Saprophytic mycobacteria accounted for 41% of all positive samples (Table 2 ). These saprophytic mycobacteria included both slow-and fast-growing mycobacteria, such as M. gordonae (29% of all positive samples), M. nonchromogenicum (11%), M. aurum (1%), and M. gadium (1%) ( Table 2 ). Potentially Table 2) . The other strains (55%) could not be identified as their 16S rDNA and hsp65 gene sequences did not consistently match sequences in the databases. Most of these organisms grew at 30°C. When all positive samples were considered, M. gordonae and M. nonchromogenicum were the most frequently identified species isolated from the water distribution system (Table 2) . Correlation between mycobacterial species and origins of the water samples in the distribution system. The water samples collected from selected sites had different origins. At five sampling sites the water was groundwater, at four sites the water was treated surface water from treatment plants, and at three sites the water was either treated surface water or groundwater depending on the management of the distribution system, as described above (Fig. 1) .
To determine the origins of the mycobacterial species in the water distribution system, the correlation between the presence of mycobacterial species and the origin of the water samples was determined ( Table 2 ). The percentages of positive samples were similar for groundwater and treated surface water (see above), but the percentages of each species isolated in the two types of water were different (Table 2 ). M. gordonae was found more frequently in treated surface water samples (48% of positive samples) than in groundwater samples (10% of positive samples). M. nonchromogenicum was found in groundwater samples (19% of positive samples) and in samples containing both types of water. However, M. nonchromogenicum was not found in treated surface water. M. fortuitum and M. chelonae were found in both types of water. M. peregrinum and M. intracellulare were not found in treated surface water. Treated surface water samples were more likely to contain M. gordonae, whereas groundwater samples were more likely to contain M. nonchromogenicum.
Efficiencies of the two water treatment plants in which different filtration processes are used to remove mycobacteria.
Several mycobacterial species, including saprophytic and potentially pathogenic species, were isolated from the two water treatment plants. The saprophytic mycobacteria identified were M. gordonae, M. nonchromogenicum, M. flavescens, and M. duvalii, whereas the potentially pathogenic mycobacteria were M. peregrinum, M. fortuitum, and M. chelonae. The concentrations of mycobacteria in the two water treatment lines decreased dramatically (Tables 3 and 4 ). The concentration of mycobacteria was between 20 and 20,000 CFU ⅐ liter Ϫ1 after the clarification step at the Orly plant, but it was between 10 and 20 CFU ⅐ liter Ϫ1 at the end of the water treatment process. Similarly, after the prefiltration step at the Ivry plant the concentration of mycobacteria was between 20 and 2,000 CFU ⅐ liter Ϫ1 , whereas at the end of the treatment process a maximum concentration of 60 CFU ⅐ liter Ϫ1 was detected. In addition, the frequencies of recovery of mycobacteria and the spectra of mycobacterial species (especially at the Ivry plant) at the end of the two treatment processes were lower than the frequencies of recovery of mycobacteria and the spectra of mycobacterial species after the first treatment step. These results suggest that water treatment plants efficiently remove mycobacteria.
At the Orly water treatment plant, where rapid sand filtration was used, all samples collected after rapid sand filtration of water from the Seine River were positive for mycobacteria (Table 3) . Only two mycobacterial species were identified, M. gordonae and M. peregrinum; the other species were not identified. The concentrations of mycobacteria were found to be between 20 and 20,000 CFU ⅐ liter Ϫ1 . At the Ivry water treatment plant, where slow sand filtration was used, four of six samples were positive for mycobacteria after the slow sand filtration step (Table 4 ). The concentrations of mycobacteria ranged from 10 to 800 CFU ⅐ liter Ϫ1 , values which are lower than the values obtained after rapid sand filtration at the Orly plant. At each treatment plant, only one sample collected after ozonation contained mycobacteria. These samples each had a low mycobacterial concentration (10 CFU ⅐ liter Ϫ1 ). The postozonation samples contained M. nonchromogenicum at the Ivry plant (Table 4 ) and M. gordonae at the Orly plant (Table  3) . When ozonated water was filtered through GAC, all samples were positive for mycobacteria; an unidentified mycobacterial species was isolated at the Orly plant, and potentially pathogenic mycobacteria were isolated at the Ivry plant (Tables 3 and 4). The carbon filter itself was probably contaminated by these mycobacteria. In addition, after water was filtered through GAC, the concentrations of mycobacteria were between 10 and Ͼ3,000 CFU ⅐ liter Ϫ1 at the Ivry plant, whereas concentrations between 10 and 20 CFU ⅐ liter Ϫ1 were detected at the Orly plant. Several mycobacterial species were eliminated by the final chlorination step at the Ivry plant (Table 4) . However, one sample from the Orly plant contained the same unidentified mycobacterial taxon at the same concentration in water collected after GAC filtration and in water collected after the final chlorination step (Table 3 ). This suggests that this unidentified mycobacterial taxon is highly resistant to chlorine.
At the Ivry plant, M. nonchromogenicum was isolated from a sample after chlorination, whereas this species could not be detected after previous treatment steps (Table 4 ). This unexpected isolation from a single sample was likely due to contamination during sampling or laboratory processing.
No mycobacteria were found in most water samples at the ends of the water treatment processes, indicating that both water treatment processes efficiently removed mycobacteria and that mycobacteria found in the Paris water distribution system did not come from the water treatment plants.
Effect of temperature on the presence of mycobacteria in water. The temperature of the groundwater was between 10 and 16°C, whereas the temperature of the treated surface water was between 8 and 22°C, depending on the season. No correlation between the percentage of samples positive for mycobacteria and temperature was found (data not shown). The percentage of positive treated surface water samples (50%) was the same whether the temperature of the samples was 8 or 22°C. Similarly, 60% of groundwater samples were positive for mycobacteria when the temperature of samples was 10 or 15°C.
DISCUSSION
Our study indicated that the Paris water distribution system is colonized by several species of mycobacteria, such as M. gordonae, M. nonchromogenicum, M. aurum, M. gadium, M. fortuitum, M. peregrinum, and M. chelonae. Interestingly, many unidentifiable mycobacteria, possibly belonging to new taxa, were found in the water distribution system and in the water treatment plants. The use of new molecular identification methods greatly improved our taxonomic information and allowed us to distinguish between organisms that had previously been included in roughly defined complexes. Moreover, identification of mycobacteria has become more accurate and complex since the introduction of highly discriminatory techniques because sequencing of conserved genes can reveal new characteristic sequences suggestive of new taxa (50) .
Although our isolation method was reproducible, the decontamination procedure eliminated large quantities of mycobacteria, and the yield was low (1%, as determined for M. gordonae). No selective medium is available for mycobacteria, and the associated flora, consisting of bacteria and fungi, has to be eliminated by decontamination procedures involving alkali or on September 8, 2017 by guest http://aem.asm.org/ acid treatment. Mycobacteria are more resistant to these treatments than bacteria or fungi, but they are not fully resistant. The number of mycobacteria in our samples may have been lower than the limit of sensitivity of the isolation method. Direct use of molecular identification methods with water samples may improve the sensitivity of detection and contribute to a better description of the whole mycobacterial flora. We are currently designing such a procedure. The lack of detectable mycobacteria at the ends of the water treatment lines and the presence of mycobacteria in the treated water distribution system could be explained by the presence of biofilms in pipes. The capacity of mycobacteria to form biofilms has been demonstrated recently (18, 33, 42) . In Germany, 90% of biofilm samples from pipes of various distribution systems contained mycobacteria, suggesting that mycobacterial biofilms are present in almost all collection and piping systems (45) .
The efficiency of removal of mycobacteria was determined at two water treatment plants in which different filtration processes are used; slow sand filtration is used at the Ivry plant, and rapid sand filtration is used at the Orly plant. The slow sand filtration process reproduces the natural filtration that occurs in soil. Water flows through different filters consisting of terracotta balls and grains of sand of various diameters. A biomass, composed of phytoplankton, zooplankton, and bacteria living both symbiotically and as mutual predators, develops in the filters and acts as a biological filter. Bacterial activity in the filters removes biodegradable organic compounds, some of which are precursors of chlorinated organic substances (e.g., trihalomethanes) (7, 10, 13) . The combination of coagulationflocculation with filtration is effective against microorganisms that are difficult to eliminate, such as Giardia cysts and Cryptosporidium oocysts (30) . No Cryptosporidium oocysts were detected in the treated water from two water treatment plants in which slow sand filters were used, even though this parasite was frequently isolated from the raw water entering the plants (5) . Similarly, our results show that both rapid sand filtration and slow sand filtration remove mycobacteria. However, the concentrations of mycobacteria were higher after rapid sand filtration. The coliform concentrations were similar in all raw water samples, approximately 5 ϫ 10 5 CFU ⅐ liter Ϫ1 . Based on these data, and because the two plants are a few kilometers apart along the Seine River, we assumed that the raw waters entering the two treatment plants were similar and that the differences in recovery of mycobacteria at the ends of the plants were due to the water treatment processes. Our results (Tables 3 and 4) suggest that the slow sand filtration used at Ozonation effectively reduced the mycobacterial load. However, low numbers of M. gordonae and M. nonchromogenicum were still detected after ozonation. This is consistent with the results of a previous study of the survival of bacteria after ozonation, which showed that Mycobacterium spp. were the predominant surviving bacteria along with some other grampositive bacteria (29) . Taylor et al. recently showed that M. avium is 100-fold more resistant to ozone than Escherichia coli and that water-grown cells are 10-fold more resistant than medium-grown cells (48) . The mycobacteria that survive ozonation may be more hydrophobic and able to form aggregates, which decrease the inactivation efficiency of ozone.
After filtration through GAC, the water samples contained high levels of potentially pathogenic mycobacteria and few unidentified mycobacteria. As previously reported, our results suggest that GAC is colonized by bacteria (27) . Similarly, Lee and Deininger showed that the percentage of opportunistic pathogens, including Mycobacterium species and species belonging to other genera, was dramatically reduced after ozonation, whereas it was increased after GAC filtration (29) . However, no potentially pathogenic mycobacteria were found after chlorination in our study, whereas unidentified mycobacteria belonging to a single taxon were still found. Recently, we showed that the resistance of mycobacteria to chlorine varies widely according to species (28) . It is likely that the single, possibly new taxon of mycobacteria recovered from the water treated at the Orly plant is unusually resistant to chlorine.
In our study, no correlation was found between water temperature and the types of mycobacterial species found in water. Our hypothesis is that these organisms are permanent residents in the systems. However, Kubalek and Komenda showed that when the culture medium was incubated at 25°C, more mycobacteria were isolated from drinking water samples collected in the spring than from samples collected in the fall (25) . However, like us, these authors obtained similar recovery frequencies for spring and fall samples when incubation was carried out at 37°C (25) .
Our study shows that the mycobacterial load is generally effectively reduced by water treatment plants. However, high levels of many species were recovered from the water distribution system. Joret et al. hypothesized that bacteria can recover their abilities to grow after depletion of residual disinfectant (21) . As mycobacteria are highly resistant to chlorine, this could explain why they were frequently recovered from distributed water. However, large studies are necessary to determine whether identical mycobacterial strains are present in raw water and in the distribution network.
Drinking water is a source of disseminated M. avium infection in hospitalized AIDS patients (52) . Similarly, waterborne household infections caused by M. xenopi have been reported (46) . In both instances, showers and drinking water have been suggested to be the sources of infection. Inclusion of mycobacteria on the list of bacteriological indicators of water quality could help improve documentation of the level of contamination. It is possible that exposure to tap water mycobacteria could be reduced by using the recommendations for preventing Legionella infection.
